Aspergillus fumigatus, a saprophytic and opportunistic pathogenic filamentous fungus, causes mycotoxicosis, allergic reactions, and a life-threatening systemic disease called "invasive aspergillosis" (IA) in immunocompromised individuals. Insufficient defense mechanisms by the innate and acquired immune systems result in high IA mortality rates in neutropenic and immunosuppressed patients. The incidence of IA has increased in recent decades, largely due to an increased population of immunosuppressed patients at risk after organ transplantation or therapy for cancer. In spite of advances in early diagnosis and new antifungal therapy, IA continues to be a leading cause of death in these patients, with mortality rates reported to be as high as 80% to 95% (11) .
A. fumigatus virulence attributes contributing to IA are not likely to be due to a single factor but rather a combination of interactions of various molecules and biological properties of the fungus (22, 32, 40) . Growth characteristics such as its high spore concentration in the air and its faster growth relative to any other airborne fungi at 40°C are thought to contribute to its virulence (22, 39) . However, identification of unique, singlemolecule, virulence factors has been elusive in this system. One molecule hypothesized as a unique virulence factor is the secondary metabolite gliotoxin.
Gliotoxin is a well-studied nonribosomal peptide toxin (14) and has long been fingered as a putative factor contributing to IA due to its cytotoxic (15) , genotoxic (26) , and apoptotic properties (21, 29, 38) . A potential role for gliotoxin in IA was recently supported by genetic studies of an A. fumigatus secondary metabolite mutant, ⌬laeA, which was shown to be crippled in gliotoxin biosynthesis (5, 6) . The loss of laeA in A. fumigatus results in reduced virulence in a murine model, increased conidial susceptibility to macrophage phagocytosis, and decreased hyphal killing of neutrophils (5) . This latter trait was hypothesized to be due to lack of gliotoxin production. However, along with the decrease in gliotoxin production, the ⌬laeA strain is decreased in the production of several other secondary metabolites implicated as virulence factors, including fumagillin, fumagatin, and helvolic acid, among others (5; http://www.aspergillus.man.ac.uk/indexhome.htm and references therein).
Recently, a predicted gliotoxin biosynthetic gene cluster was identified in A. fumigatus (14) . In an attempt to assess the contributions of gliotoxin to the role of LaeA in virulence, we have created a null mutant in gliZ encoding a putative Zn 2 Cys 6 binuclear finger transcription factor. Here we show that gliZ is required for gliotoxin biosynthesis and expression of other genes in the gli gene cluster and that placement of two or more copies of gliZ in the genome results in increased gliotoxin synthesis. Although statistical examination of the results of a murine pulmonary model did not support a difference in virulence in the wild type compared to either ⌬gliZ or multiplecopy gliZ, there was a tendency towards a decrease and increase in mice death associated with these strains, respectively. Two concurrent studies, where gliP encoding a nonribosomal peptide synthase required for gliotoxin synthesis was deleted from the A. fumigatus genome, yielded similar results where the authors report no difference in mouse survival (10, 20) . However, in both studies loss of gliotoxin resulted in decreased toxicity as measured either by mast cell degranulation (10) or macrophage/T-cell viability (20) , thus leading to speculation that this metabolite can play a role in disease development. Here, cytotoxicity assays with polymorphonuclear leukocytes (PMNs) support a role for gliotoxin in apoptotic but not necrotic cell death. Taken together, we posit that gliotoxin is one factor that can be involved in disease development and that its effects may not be readily measured by the current animal model systems. We suggest that other LaeA-regulated metabolites or attributes also contribute to A. fumigatus virulence.
MATERIALS AND METHODS
Strains. All fungal strains used in this study (Table 1) were maintained as glycerol stocks and were routinely cultured at 25°C or 37°C on glucose minimal medium (GMM) (34) .
gliZ deletion and complementation. Aspergillus fumigatus gliZ was disrupted in wild-type strain AF293.1 (a pyrG auxotroph [46] ) by replacement of gliZ with the A. parasiticus pyrG marker gene obtained from pBZ5 (35) . An A. fumigatus gliZ gene disruption vector, pJW74.3, was constructed by insertion of a 1.2-kb DNA fragment upstream of the gliZ start codon (primers GZ5F and GZ5R) and a 0.9-kb DNA fragment downstream of the gliZ stop codon (primers GZ3F and GZ3R) on either side of the A. parasiticus pyrG marker gene. Fungal protoplasts were transformed by the polyethylene glycol method as previously described (5) . Homologous single-gene replacement of gliZ was confirmed by Southern blot analysis and PCR.
pJW78.3 was constructed to complement the ⌬gliZ strain TDWC5.6. The plasmid contained a 3.2-kb wild-type gliZ gene including a 1.2-kb promoter. The 3.2-kb gliZ gene was amplified by primers GZCOMF and GZCOMR. The PCR product was subcloned in the Zero Blunt TOPO vector (Invitrogen Co.) to produce pJW75.1. pJW78.3 was created by inserting the 3.2-kb HindIII-XbaI gliZ fragment from pJW75.1 into a HindIII-XbaI site of pUCH2-8 (2), which contains the selectable marker hygromycin B phosphotransferase.
Extraction of fungal DNA, restriction enzyme digestion, gel electrophoresis, Southern and Northern blotting, hybridization, and probe preparation were performed using standard methods (33) . RNA blots were hybridized with a 1.2-kb PCR fragment of gliZ amplified with primers GZINTF and GZINTR and a 0.7-kb gliI PCR product using primers GIINTF and GIINTR. Primers for PCR and probes are listed in Table 2 .
Detection of gliI expression in A. fumigatus-infected lung by reverse transcriptase PCR (RT-PCR). Total RNA was extracted from lungs of 10 mice of two groups; one of them was infected intranasally by A. fumigatus as described previously (5) with 10 8 spores/ml, and the other group, not infected by the fungus, served as a negative control. These mice were separate from the mice used for the virulence test as described below. At day 3, all mice were sacrificed and all lungs from each group were combined per treatment and homogenized with 10 ml of phosphate-buffered saline. Nonhomogenizable tissue was removed using a pipette. The homogenate was spun down in 50-ml Oakridge tubes at 5,000 rpm, and then supernatant (SN) was removed. The pellet was resuspended with 4 ml of 1% Triton X-100 and homogenized for 1 min. The homogenate was spun down in 50-ml Oakridge tubes at 5,000 rpm, and supernatant was removed. These last two steps were repeated one more time. The pellet was washed twice with sterile distilled water, and then homogenate was spun down at 5,000 rpm to obtain the final pellet. This pellet was lyophilized overnight. The freeze-dried pellet was mixed with TRIzol (Invitrogen Co.) to extract total RNA according to the manufacturer's instructions. The RNA pellet was dissolved in diethyl pyrocarbonate-treated water prior to cDNA synthesis using a SuperScript III kit (Invitrogen Co.) according to the manufacturer's directions. The following primers were used to amplify the A. fumigatus-specific gene, gliI (a biosynthetic gene of gliotoxin [14] ), from the cDNA pool. gliIRTF and gliIRTR were used to amplify the primary PCR product. Two microliters of this PCR product was used as template for secondary PCR amplification with nested primers, nestedgliIF and nestedgliIR. These primers are described in Table 2 .
Phenotypic characterization and secondary metabolite analysis. Colony growth radius and spore production were measured as previously described (17) . Gliotoxin production was assessed by thin-layer chromatography (TLC) and by high-pressure liquid chromatography-photo diode array detection-high-resolution mass spectrometry (HPLC-HR-MS) using previously published methods (5, 8, 40) . For TLC, fungi were grown in liquid glucose minimal medium (GMM) for 3 days at 25 or 37°C and at 280 rpm, and organic extracts were measured for secondary metabolites. Gliotoxin was also measured by HPLC-diode array detection and HPLC-HR-MS from extracts of cultures grown on Czapek yeast extract agar (CYA), malt extract agar (MEA), oatmeal agar (OAT), and yeast extract-sucrose agar (YES) media at either 25 or 37°C (13) . Here, two agar plugs of the center of colonies of 11-day-old cultures (three point inoculations) grown in the dark on each of the CYA, MEA, OAT, and YES (13) media were pooled and extracted according to Smedsgaard (36) . The wild type and mutants were also grown on GMM agar in the dark for 1 week at 25°C and 37°C, and the culture extracts were examined for gliotoxin, desmethyl-(dimethylthio)-gliotoxin, helvolic acid, fumigaclavines, pseurotins, trypacidin, mono-methylsulochrin, chloroanthraquionones, fumiquinazolines, tryptoquivalins, and fumagillin by analyzing them using HPLC-diode array detection and HPLC-HR-MS. The monitoring wavelength was 210 nm. Gliotoxin and other metabolites were identified by their retention time, UV spectra, and positive electrospray (ESI ϩ ) spectra, which should match both the relative intensities of ions and their respective accurate masses (ϮϽ0.01-Da deviation).
Gliotoxin was also measured from homogenates of murine lung as previously described (5) .
Animal model of Aspergillus infection. Virulence of near-isogenic strains of A. fumigatus differing only in the presence of laeA or gliZ gene (e.g., wild-type, ⌬laeA, ⌬gliZ, and ⌬gliZ-complemented strains; Table 1 ) was assessed twice in a lung infection model, as described previously (5). Briefly, 6-week-old, outbred Swiss ICR mice (Harlan Sprague Dawley) weighing 24 to 27 g were immunosuppressed by intraperitoneal injection of cyclophosphamide (150 mg/kg of body weight) on days 4 and 1 preinfection and day 3 postinfection, with a single dose of cortisone acetate (200 mg/kg) on the morning of infection. Anesthetized mice (10 mice/fungal strain in the first test and 15 mice/fungal strain in the second test) were infected by nasal instillation of 50 l of 5 ϫ 10 6 conidia/ml (day 1) and monitored three times daily for 7 days postinfection. All surviving mice were sacrificed at day 7. Homogenates of lung tissue were examined for gliotoxin by HPLC-HR-MS as previously described (5) .
Polymorphonuclear leukocytes and fungal cytotoxicity. Whole blood of healthy adult human donors was collected after consent, using a protocol approved by the Fred Hutchinson Cancer Research Center Institutional Review Board. Polymorphonuclear leukocytes (PMNs) were purified by Ficoll centrifugation per the leukocyte separation protocol (Sigma). Red blood cells were lysed in hypotonic solution, and PMNs were separated by centrifugation (800 ϫ g, 10 min) and resuspended in RPMI 1640-HEPES. Fungal supernatants were prepared as follows: 30 ml of GMM was inoculated with 10 7 conidia/ml and incubated for 72 h at 37°C (with shaking at 220 rpm). The fungal mat was separated from the culture supernatant by passing through sterile gauze and filtered through a 0.2-m filter; the resultant supernatant was vacuum dried for 36 h. The dried precipitate was resuspended in 4 ml phosphate-buffered saline (concentrated SN) and frozen at Ϫ70°C for later use. PMNs (2 ϫ 10 6 cells) were exposed to 200 l of SN (test conditions), medium (live controls), or Triton X-100 (dead controls) for 60 min. Cells were centrifuged (1,200 rpm, 10 min) and resuspended in 100 l binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl 2 ; pH 7.4) containing either Annexin V (5 l; BD Biochemicals, San Jose, CA), propidium iodide (PI; 10 l; Sigma Chemical Co., St. Louis, MO), or both Annexin V and PI. Cells were incubated for 15 min in the dark, and 400 l of 1ϫ binding buffer was added. Four separate experiments were conducted. Propidium iodide and Annexin V positivity were measured by a FACScan flow cytometer (BD Biosciences) with CELLQuest software (BD Biosciences).
Statistical analyses. Wilcoxon rank-sum tests (44) were performed to detect differences in PMN death and apoptosis after exposure to supernatant from wild-type and mutant strains. In animal experiments, Fisher's exact tests (12) were used to compare proportions surviving at day 7. All P values presented were adjusted for multiple comparisons using the false discovery rate method (4).
RESULTS
gliZ is required for gliotoxin production. gliZ was deleted from the A. fumigatus genome by replacing it with the A. parasiticus pyrG gene. Six gliZ null mutants (⌬gliZ) were obtained from 55 transformants. Southern blot and PCR analyses were carried out to confirm single-gene replacement events in the transformants ( Fig. 1; unpublished data) . Two transformants, TDWC5.6 and TDWC5.33, were selected for physiological and virulence studies. The ⌬gliZ mutant TDWC5.6 was complemented with the gliZ gene. Two complemented strains, TDWC8.3 and TDWC8.10, were confirmed by PCR and Southern blot hybridization (data not shown). Both of these strains carried two or more copies of gliZ. Wild-type, ⌬gliZ, and ⌬gliZ-complemented strains were not statistically different in growth rate or conidial production (data not shown). Expected hybridization band patterns: wild-type strain, 7-kb band; ⌬gliZ strain, 6-and 3.5-kb bands. The arrowheads at the top of the figure indicate correct knockout mutants. The ϳ5-kb bands in the other three lanes indicate ectopic copies of knockout cassettes, and thus these strains were discarded.
FIG. 2.
Thin-layer chromatography profiles of metabolite production by A. fumigatus ⌬laeA (TJW54.2), wild-type (AF293), ⌬gliZ (TDWC5.6), and two complemented ⌬gliZ (TDWC8.3 and TDWC8.10, designated ⌬gliZcom8.3 and ⌬gliZcom8.10, respectively) strains. Metabolites were extracted by chloroform from 50 ml GMM liquid shaking culture grown for 3 days at 25°C and 280 rpm. Dried chloroform extracts were resuspended in 100 l of methanol, and 10 l was used for separation on TLC. All experiments were triplicated. Solvent condition was the following: 7:3 chloroform:acetone. Gt, gliotoxin standard. Solid black arrows indicate gliotoxin, and dotted black arrows indicate possible changes in production of other metabolites in ⌬gliZ and/or complemented gliZ mutants. Note the near-complete absence of metabolites in ⌬laeA. WT, wild type.
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A thin-layer chromatography (TLC) examination of chloroform extracts from liquid shake GMM cultures of A. fumigatus ⌬gliZ and the ⌬gliZ-complemented strains grown at 25°C showed loss of or increased production of gliotoxin, respectively (Fig. 2) . Production of a few other unknown metabolites was also affected by loss or gain of gliZ in this condition (Fig.  2) . HPLC data of the ⌬gliZ and ⌬gliZ-complemented strains grown on solid GMM supported the TLC gliotoxin results and further showed that strains produced levels of fumigaclavine C, mono-methylsulochrin, trypacidin, and fumiquinazolins similar to those of the wild type. However, at 37°C on solid GMM, the ⌬gliZ-complemented strains produced helvolic acid, which was not detected in the wild type or the ⌬gliZ mutant ( Table 3) .
As the purported role of GliZ as a Zn(II) 2 Cys 2 transcription factor would be to activate expression of biosynthetic genes in the gli gene cluster (14, 49), we assessed the expression of gliI in wild-type, ⌬laeA, ⌬gliZ, and ⌬gliZ-complemented strains grown in liquid GMM. gliI encodes a putative aminocyclopropane carboxylate synthase, a function required for gliotoxin synthesis (14) . As predicted, gliI expression was abolished in both the ⌬laeA and ⌬gliZ strains and increased in the ⌬gliZ-complemented strains in comparison to the wild type (Fig. 3A) . Early expression of both gliI and gliZ was observed in the complemented strain under these conditions.
Infection with GliZ mutants is correlated with gliotoxin concentrations in murine lung. Relative virulence of wild type, ⌬laeA, ⌬gliZ, and ⌬gliZ-complemented strains of A. fumigatus was evaluated in murine pulmonary infection models by comparing the proportion surviving at day 7 after infection. As shown in Fig. 4 , whereas a significant difference was observed between all four groups (P ϭ 0.002), pairwise comparisons indicated a significant difference between groups of animals infected with the wild-type and ⌬laeA strains (P ϭ 0.05). However, animals infected with ⌬gliZ and complemented ⌬gliZ did not demonstrate significant differences in survival compared to that of the wild type (P ϭ 0.45 for both). Animals infected with the ⌬gliZ-complemented and ⌬laeA strains also demonstrated differences in survival (P ϭ 0.0004).
Lungs of five mice of each group were homogenized and extracted to assess metabolite content. Results of liquid chromatography high-resolution mass spectrometry showed that gliotoxin was present in lungs infected by wild-type and ⌬gliZ- complemented strains but not in ⌬gliZ or noninfected lungs (Fig. 5) . The ⌬laeA-infected lungs showed significant amounts of gliotoxin in this test, in contrast to prior tests (5), and the ⌬gliZ-complemented strains showed the most gliotoxin (Fig.   5 ). RT-PCR analysis of noninfected lung and lung from mice infected with wild-type A. fumigatus showed gliI expression only in the infected lung (Fig. 3B) . As previously reported (5), no trace of other known secondary metabolites normally produced during in vitro culture of A. fumigatus (e.g., helvolic acids, fumigaclavines A to C, tryptoquivalines A to H, fumiquinazolines A to E, pseurotins A to F2, fumagillin, fumitremorgins A to C, verruculogen, or TR-2) could be detected in the lung tissue infected with any strain, even though these metabolites ionize significantly better than gliotoxin and thus have lower detections limits (25) .
PMN death. Previously we have demonstrated that ⌬laeA supernatants (SN) were less cytotoxic to PMNs than SN from wild-type A. fumigatus (4) . To test the hypothesis that gliotoxin mediates the perceived differences in PMN cytotoxicity, we exposed PMNs to ⌬gliZ, ⌬gliZ-complemented, and wild-type SN and quantified propidium iodide (PI)-positive cells after 60-min incubations. Results of four different experiments with PMNs from four different donors showed equivalent cell death after exposure to the SNs from ⌬gliZ and ⌬gliZ-complemented strains (Fig. 6A) . Although there was a trend for decreased cell death from the ⌬laeA SN, this decrease was not significant at P Յ 0.05 in this study.
As a more sensitive indicator of the potential impact of gliotoxin in inducing cellular apoptosis, Annexin V uptake was measured after exposure to the different supernatants. Results of four different experiments from four different donors demonstrated that PMN apoptosis was significantly decreased after exposure to SNs from ⌬gliZ and ⌬laeA compared to the wild FIG. 4 . Virulence in a murine lung infection model. Fifteen outbred Swiss ICR mice immunosuppressed by intraperitoneal injection of cyclophosphamide (150 mg/kg) and cortisone acetate (200 mg/kg) were inoculated intranasally with A. fumigatus wild-type (AF293), ⌬laeA (TJW54.2), ⌬gliZ (TDWC5.6), and ⌬gliZ-complemented (TDWC8.3; designated ⌬gliZcom8.3) strains (50 l of 5 ϫ 10 6 conidia/ml). Results presented are from one experiment that is representative of the two performed. Using Fisher's exact test at day 7, the overall P value was 0.002. Pairwise comparisons only indicated a significant difference between wild-type and ⌬laeA strains (P ϭ 0.05) and the ⌬gliZ-complemented and ⌬laeA strains (P ϭ 0.0004). WT, wild type. (Fig. 6B) . Complementation of gliZ appeared to restore approximately wild-type levels of PMN apoptosis (for complemented ⌬gliZ versus the wild type, P ϭ 0.12).
DISCUSSION
Secondary metabolite production in fungi is a complex process yielding compounds with obscure or unknown functions in the producing organism. However, many of these metabolites have tremendous importance to humankind, in that they display a broad range of useful antibiotic and pharmaceutical activities as well as less desirable immunosuppressant and toxic activities (49) . Although several fungal toxins have been shown to be involved in plant pathogenesis (1, 24, 45, 48) , an unambiguous role of fungal toxins in human disease has yet to be established, with the exception of mycotoxin and mushroom ingestion. The present study is the first to demonstrate that A. fumigatus gliotoxin plays a role in mediating human neutrophil apoptosis ex vivo.
Gliotoxin is an epipolythiodioxopiperazine cyclic dipeptide produced by several fungi, including A. fumigatus; in the past it has been implicated in the establishment of severe fungal infections in both animals and humans (28) . Although the mechanism by which gliotoxin exhibits its toxic effects is not clear, a number of studies using commercially produced gliotoxin or crude culture filtrates have shown that exposure can have profound immunosuppressive effects on different mammalian cell types: for example, gliotoxin induces death by apoptosis in neutrophils (42) , macrophages (43) , and human hepatocytes (16) . Gliotoxin also appears to have immunomodulatory effects on human monocytes (18) , mast cells (27) , and T lymphocytes (37) . Further, it has been recently proposed that gliotoxin may provide a mechanism by which A. fumigatus can selectively suppress antigen-presenting cells (37) .
In support of a possible role for gliotoxin in mediating development of invasive aspergillosis, we have recently described an A. fumigatus gliotoxin mutant that showed less virulence in a murine mouse model (5) . Deletion of laeA, a developmentally regulated transcriptional regulator of multiple secondary metabolites, resulted not only in reduced mortality and growth in a pulmonary murine model but also in increased susceptibility to macrophage phagocytosis and decreased ability to kill neutrophils ex vivo. Coupled with this phenotype was the near loss of gliotoxin production. However, the laeA mutant was also crippled in the production of other known metabolites that could play a role in IA (5), thus leaving open the question of exactly what, if any, altered host-fungus interactions could be attributed to reduction in gliotoxin synthesis.
To genetically elucidate the contribution of loss of gliotoxin to the ⌬laeA phenotype, we have deleted gliZ, a putative Zn 2 Cys 6 transcription factor located in the gliotoxin gene cluster. Deletion of gliZ resulted in loss of gliotoxin production in vivo and in vitro, as assessed by examination of murine lung homogenates and culture extracts from several media. This loss was associated with absence of transcription of a biosynthetic gene in the gliotoxin gene cluster. Complementation of ⌬gliZ with multiple copies of gliZ resulted in strains with increased production of gliotoxin compared to the wild type (Fig.  2 ). Metabolite profiles were notably different in cultures grown at 25 or 37°C or in liquid shake versus solid agar medium. In general, secondary metabolite production was enhanced at 25°C. We saw evidence that gliZ regulated the production of metabolites other than simply gliotoxin (Fig. 2) when the strains were grown at 25°C in GMM liquid shake medium. This was not observed in other growth conditions, with the exception of the unexpected production of helvolic acid in the gliZcomplemented strains grown on solid GMM at 37°C (Table 3) . However, examination of lung extracts from the gliZ mutant and wild-type-infected mice only showed differences in gliotoxin production.
Virulence of the gliZ mutants was assessed by the murine model and an ex vivo assay with human PMNs. The murine model system used in our laboratory did not support a role for gliotoxin in virulence using P ϭ 0.05 as a cutoff score. This was similar to a recent report of two gliP disruption strains that did not show a decrease in virulence in their mouse models (10, 20) . However, there was a significant difference in virulence between the ⌬laeA strain compared to the wild-type and the gliZ-complemented strain in our model. Examination of lungs from infected mice showed an expected profile of highest glio- toxin concentration in the gliZ-complemented infection, followed by the wild type (Fig. 5) . No gliotoxin was measured in the ⌬gliZ strain, and in contrast to our earlier report (5) , this time we found considerable production in the ⌬laeA mutant, although it was well below that of the wild type. Production of secondary metabolites varies in both A. fumigatus and A. nidulans ⌬laeA mutants in any given experiment, likely due to the mechanism of LaeA regulation of secondary metabolite gene clusters (7 and unpublished data). However, production is always less than that of the wild type. Our murine pulmonary results suggest that some LaeA-regulated factors in addition to gliotoxin may be important in IA. We suggest, however, that the current murine model systems used here and as reported in the gliP works (10, 20) may not be sensitive enough to detect subtle differences exerted by A. fumigatus gliotoxin levels and that gliotoxin does contribute to A. fumigatus pathogenicity, although its predominant role in A. fumigatus biology may not lie in animal pathogenesis.
Considering that our earlier studies had shown a loss of PMN sensitivity to A. fumigatus ⌬laeA SNs ex vivo (5), we were most interested in the response of PMNs to SNs of the gliZ mutants. While there was no statistical difference in PMN PI positivity after exposure to the SNs, although a trend was noted (Fig. 6A ), exposures to ⌬gliZ SN and ⌬laeA SN were associated with less PMN apoptosis compared to exposure to WT SN (Fig. 6B) . This may be an important observation given the fact that neutrophils constitute the primary cellular defense against invasive Aspergillus hyphae. Many microorganisms including bacteria and viruses evade destruction by neutrophils by triggering neutrophil apoptosis, thereby resulting in subacute to chronic infections (19, 41, 47) . Increased PMN apoptosis has been observed in the past after exposure to A. fumigatus hyphae (3); it is also known that the purified commercially available gliotoxin is a powerful inducer of neutrophil apoptosis, possibly exerting this effect by inhibiting NF-B (42). In keeping with these studies, results of the PMN-SN interaction experiments emphasize a role for gliotoxin in mediating apoptosis of neutrophils. Recently, it was suggested that A. fumigatus elaborates gliotoxin as an immunoevasive strategy by specifically targeting antigen-presenting cells such as monocytes and monocyte-derived dendritic cells (37) . Induction of neutrophil apoptosis by gliotoxin production by A. fumigatus may be yet another way for the organism to escape killing by immune cells. Given that some A. fumigatus isolates produce varying levels of gliotoxin while some isolates do not produce any gliotoxin (23) , it remains to be seen if this correlates with the extent of pathogenicity or persistence of infection caused by A. fumigatus.
Apart from indicating a role for gliotoxin in A. fumigatus pathogenesis, the present study also strongly implicates other factors regulated by LaeA in the possible development of IA. Previously we demonstrated that LaeA, a nuclear protein, regulated several putative fungal virulence factors, including synthesis of gliotoxin and other secondary metabolites as well as conidial morphology (5) . A. fumigatus secretes uncharacterized and characterized secondary metabolites, including verruculogen, fumagillin, fumitremorgin C, and helvolic acid. Recently an ergot biosynthetic cluster was identified in A. fumigatus (9) , and it has been demonstrated that A. fumigatus can produce the alkaloid festuclavine and its derivatives fumigaclavine A and fumigaclavine B2 (30), compounds with known toxic properties. Reeves et al. (31) also reported the identity of a nonribosomal peptide synthetase gene, pes1, which when deleted altered conidial morphology and exhibited a loss of virulence in the Galleria mellonella model system. Interestingly, the genes for both the ergot alkaloids and pes1 are regulated by laeA (R. Perrin, J. W. Bok, N. Federova, J. Wortman, H. Kim, W. Nierman, and N. P. Keller, unpublished data). Thus, it appears likely that metabolites other than gliotoxin are involved in mediating cellular interactions ex vivo and potentially development or outcomes of invasive infection.
